Quantum-size semiconductor microcrystallites of ZnCdS and CdS in aqueous and isopropanol solution were optically excited using intense sub-picosecond UV laser pump pulses. Broad-band optical probing monitored the yield of electron emission and the build-up of primary photochemical products. With typical pump fluences of femtosecond light pulses multiple photons are absorbed by one quantum-dot leading to a quantum yield of up to 0.3 of photogenerated electrons. The yield curves, as a function of pump fluence, are described by a simple kinetic model which involves the trapping-rate constant and a maximum number of electrons which can be emitted per particle. This model is shown to be consistent with thermodynamic considerations.
1, Introduction
The non-linear optical properties of direct-gap semiconductors have been examined intensively over the past few years, both with bulk materials [ l-51 as well as microcrystals [ 6-171 embedded in a glass host. A relatively young class of materials consists of very small crystalIites, with diameters ranging up to 100 A. These "microcrystallites" are usually prepared by chemical reaction, either in a polymer film [ I 1,18 ] or as a colloid from solution [ 19-211. If the particle radius is less than the excitonic radius in the bulk material we speak of quantum-size microcrystallites or quantum-dots [ 221. For the description of such tiny particles a molecular approach is more appropriate than a semiconductor one; however, standard pictures of semiconductor theory -such as excitons and band filling -are frequently applied. In quantum-dots the electronic wavefunctions of an electron and hole always overlap appreciably due to On leave from the Zentralinstitut fiir Optik und Spektroskopie, Akademie der Wissenschaften der DDR, DDR-1199 Berlin, German Democratic Republic. the confinement. In this sense, the lowest state of an electron and hole may be called an "exciton" [ 221. In a previous paper [ 23 ] we have investigated the bleaching kinetics after absorption of multiple photons from an intense ultrashort light pulse at 308 nm. It was shown that recombination of charge carriers takes place on a picosecond time scale and is fluence dependent. Further, the occurrence of rapid surface trapping of charge carriers, as well as the ultrafast ejection of electrons out of the quantum-dot in the femtosecond time-scale was established.
In this paper we examine quantum-size CdS as a colloid in water and in isopropanol, and compare it to colloidal Zn, _,Cd$. We report (i) transient spectra in the range 370 to 750 nm for quantum-dots in water and isopropanol,
(ii) the relative yield of photoproducts absorbing in the red spectral range -mainly solvated electrons -as a function of pump fluence, solvent and particle size.
We present a simple model, which consistently explains the experimental findings for both quantumsize systems under investigation. (ClO,) , and of Cd(C104)2 (both 0.1 molar) and of sodium polyphosphate ( Riedel-deHdn; 0.1 molar assuming a MW of 609). The synthesis was carried out in a 2 P flask sealed against air, and fitted with a septum, a pH electrode, and a glass fritte for bubbling with argon.
The pump/probe-absorption (gain) experiment used a laser system combining an excimer laser with a colliding-pulse-mode (CPM) dye, laser which is described in detail in ref. [ 
241.

Results
ZnCdS. To 352 ml of water in the flask were added 22.80 ml of the Zn solution, 1.20 ml of the Cd solution, and 24 ml of the polyphosphate solution. The solution was degassed thoroughly for 5 min by bubbling with argon. Then the pH was adjusted to 11 .O using 1 N NaOH solution, and argon bubbling was resumed for at least 20 min. Finally, 42 ml of gaseous H2S was quickly injected into the volume above the solution, and the flask was vigorously shaken for 15 s.
The absorption spectra of colloidal CdS in water and isopropanol and aqueous colloidal Z~..&&.O$ are showin in fig. 1 . Also given in the figure is the particle diameter as a function of the wavelength of the first "excitonic" transition, according to quan-2.00 B \ 100 .
CdS. To 500 ml of water in the 2 P flask were added 4.5 ml of the polyphosphate solution and 9 ml of the Cd solution. The pH was adjusted to 9.7 using NaOH solution. 10.2 ml of gaseous HzS was quickly injected. After 6 s of reaction the flask was vigorously shaken for 3 s. The solution was then filled into a beaker and 10 rpl of 0.2 molar NaOH solution was added. The beaker was heated to 90°C and the temqerqture was, Taint@neQ for 3 h. Finally, the solution was concentrated to 250 ml in an e;aporator. in isopropanol was prepared. To 200 ml of isopropanol in a 250 ml measuring flask 3.1 ml of this stock solution were added. The flask was fitted with a septum, 8 ml of gaseous H2S were quickly injected into the volume above the solution, and the flask was vigorously shaken for 20 s. The sample was then aged pvemight and concentrated to 50 ml in a rotating evaporator. The concentrated colloidal solution was ,i, stable up to 30 min at room temperatures, after which precipitation occurred. us, absorption cross-section of holes at 6 16 nm ah, absorption cross-section of holes at 720 em kr, exciton trapping-rate constant kAp, initial Auger emission-rate constant ') ny, maximum number of emitted electrons per particle turn-size calculations with a finite potential barrier as described in ref. [ 25 ] . From these cuNes we estimate the mean particle diameter 2R for the CdS colloid to be x 25 8, and for the ZnCdS colloid to be x 40 A, which is in good agreement with our data from transmission electron microscopy. These values have to be compared with the excitonic diameter 2aB of tlie bulk material ( 53 8, for CdS and 40 8, for ZnCdS). The concentration of colloidal particles as well as the inferred absorption cross sections are collected in table 1. Photophysical and photochemical changes after short UV pulse excitation were monitored by broadband transient absorption measurements in the wavelength range 370-750 nm. The rise of all transient absorption bands occurred simultaneously within the time resolution of this measurement. Fig.  2a shows transient spectra at 0.33 ps after excitation for CdS colloids in water and in isopropanol. Evidently, a strong additional absorption can be observed in the red spectral range in the case of the aqueous colloid. This is in agreement with findings in nanosecond flash photolysis experiments [ 271. Fig. 2b shows the difference between the two spectra of fig. 2a in comparison with the spectrum of a solvated electron reported in ref.
[ 261. The similarity between the two spectra as well as the analogy to nanosecond experiments allows us to conclude that in aqueous colloidal solution after intense UV pulse excitation we observe an "instantaneous" (within our temporal resolution of 250 fs) ejection of electrons. The almost structureless transient absorption in the range 440-720 nm in the case of the colloidal solution in isopropanol (or the difference between the transient spectrum of CdS colloid in water and the hydrated electron spectrum, respectively) can be assigned to photochemical changes due to trapped charge carriers. Again, this photochemical reaction (carrier trapping) is faster than 250 fs. The chemical nature of these photoproducts (S-., e-associated with Cd++) has been discussed in [23, 28, 29] #I. Here this is of no further interest, since on the time scale of interest up to 10 ps after excitation no significant absorption decay was observed in the red spectral range. Similar spectra have been observed for Zn,Cd, _.$. 
Discussion
Since photochemical assignment of the broad-band absorption to trapped holes and trapped electrons has been discussed in ref.
[ 23 1, we will focus here on the ejection of electrons in aqueous colloidal solution. Possible mechanisms of photoelectron generation in colloidal semiconductors have been discussed thoroughly in ref.
[ 27 1, Here, we will briefly review the main features with respect to our femtosecond experiments.
It was pointed out earlier [27, 30] that electrons cannot be photoemitted from CdS into water via a process in which only one photon is involved. This becomes evident by an inspection of the electrochemical potentials of the bulk semiconductor materials (Cd& ZnS) [ fig. 4 . The energy of the first excited ("excitonic") state is not high enough for an electron ejection.
A two-photon ionization as a possible process for the observed electron ejection is generally observed only when there is no one-photon absorption present. It should be also reflected in a characteristic dependence on the pump fluence, and in the case of negligible screening (CdS) no saturation should be observed. Measurements with nanosecond light pulses by some authors [ [3 11 . Also shown are the "excitonic" and "biexcitonic" energy levels of the semiconductor colloids and schematically the reduction of the potential energy after electron ejection due to remaining positively charged excess holes. almost linear dependence of the electron yield on the pump intensity up to 30 MW/cm2 and no saturation behavior; An Auger-like ejection process for electrons was thus proposed. Auger electron-emission processes have been observed also in (larger) semiconductor particles embedded in a glass host in nanosecond experiments [ 91. In the latter experiments the Auger process was shown to greatly influence the relaxation process after light excitation as an additional recombination channel of the charge carriers, and therefore strongly decreases their lifetime.
Compared to these experiments, a much higher density of charge carriers occurs in our femtosecond investigations, If we bear in mind that in such tiny quantum-dots one electron-hole pair is already completely delocalized over the entire particle, it is evident that the spatial overlap with a second generated electron-hole pair is extremely large. This leads to an enhanced Auger emission rate. Such an electron-emitting state should be an analogue to a doubly-excited ("biexcitonic") state in a macrocrystal.
It might be argued that the electron emission could also occur from trapped states because trapping proceeds also within times shorter than 250 fs. However, due to the localization the spatial overlap of the charge-carrier wavefunctions is significantly lowered and consequently the probability for the Auger-like emission process will be greatly reduced. This is supported by the fact that in nanosecond transient absorption measurements (excitation pulse width 30 ns) [ 271 with pump fluences in the order of 150 photons per A' (compared to 10 photons per A2 in our 250 fs experiments) the maximum electron yield for the hydrated electrons amounted to only 2-3OYo #2 compared to about 30% in our femtosecond experiments. The flux in the femtosecond experiments, however, is such that on the average every 10 fs a photon is being absorbed by the quantum-dot, giving a certain probability for creating two or even more excitons before they are trapped or before they recombine.
In ref.
[ 231 we have proposed a model which considers electron ejection, trapping and absorption of multiple photons (due to the high fluxes) (fig. 4) , which we will briefly sketch here:
Absorption of a photon with absorption cross section a0 leads to the first excited ("excitonic") state a. This is followed by "excitonic" recombination or by trapping with a rate constant kT. In the case of strong pumping the "excitonic" state may absorb another photon (before trapping and recombination occur) leading to a doubly excited state b. Besides trapping and recombination another decay channel of this doubly excited state is given by the emission of an electron, with rate constant kA, leading to a deexcited particle with an excess hole. Since recombination of carriers proceeds on a picosecond timescale [ 231 the effect of an intense femtosecond pump pulse is to drive population up along the main diagonal in the scheme of fig. 5 creating particles having absorbed an average number nabs of photons and emitted an average number of electrons n,,. This suggests a simpler energy-level scheme shown on the rhs of fig. 5 .
Rate equation calculation as in ref.
[23] for this " From nanosecond control experiments as in ref.
[27], with identical samples. model have been carried out to simulate the experimentally obtained electron yield curves (the number of electrons has been derived from experiment from the change of optical density in the red spectral range) ( fig. 3 ). The parameters for best overall agreement with experiment are collected in table 1. The decisive parameters of the model which have been varied in the course of calculation are:
-the trapping rate constant kT, -and the maximum number of electrons which can be emitted by one particle ny.
In particular, for CdS we find k,=300 ps-', and n Y = 6, whereas for the larger ZnCdS, kT = 35 ps-', and nzax = 16 have been obtained. kT corresponds to an "exciton" lifetime of 3 fs for the CdS particle and 28 fs for the ZnCdS colloid, respectively. Calculating the transit time of an electron through such a small semiconductor particle (assuming an orbital velocity in an exciton of the corresponding bulk material), one finds characteristic times in the order of 10 fs [ 231. We believe that the surface of the quantumdot is highly reactive and that it requires only a few orbits before the carriers are being trapped. The trapping possibly depends on the particular chemical preparation of the surface. Thus, such very fast trapping times, as well as the difference between CdS and ZnCdS (the CdS particle is significantly smaller) are indeed reasonable. However, the calculated values can only be considered as estimates. In particular, the value of k,=300 ps-' for the CdS particle is already far beyond the limit where the rate equation description is applicable. We can take it therefore as a mere indication of almost instantaneous photochemical reaction on the surface.
Let us discuss now the second parameter of our model, the maximum number of electrons which can be ejected from such a particle, which differs by a factor of three for the two colloids. With every electron ejected from the doubly excited state, the remaining excess hole reduces the electrochemical potential [ 311 by e/4rrcocR, where e is the highfrequency dielectric constant ( fig. 4) . In this figure the energetic levels of the excitonic and biexcitonic states were calculated from the valence-band positions of the bulk materials and the spectral positions of the excitonic transitions of the investigated particles. The reduced potential decreases the driving force for the formation of hydrated electrons, which we incorporate into our model by an Auger rate constant kA which depends on the number of electrons which have been ejected already, n,,, and the total number of ejectable electrons, n Y:
kA=kAO (l-n,,/nf") forn,,<nY and kA =O otherwise . Due to the larger particle diameter 2R of the ZnCdS particle, the potential energy decrease with every ejected electron is smaller (0.142 eV) compared to the CdS particle (0.214 eV). The energy difference between the initial potential of the doubly excited ("biexcitonic") state and the solvated electron is larger (2.85 eV) for the ZnCdS colloid compared to 1.6 eV for CdS particles. Thus, more electrons can be emitted by the ZnCdS particle in comparison to the smaller CdS microcrystallite. For the ZnCdS particle we can estimate the maximum number of electrons to be: nfaX=2.85 eV10.142 eVx20 and for the CdS particle ny= 1.61 eVj0.214 eVxl.5 .
From the fits with the parameters of table 1, we find ne;lax = 16 for ZnCdS and ny = 6 for CdS, respectively. Thus, our experimental findings and the parameters of our model calculations are in good agreement with the values for the maximum number of electrons which can be ejected per dot derived from simple thermodynamic considerations.
Conclusions
We have monitored by subpicosecond spectroscopy the yield of photochemical products and the yield of solvated electrons from subpicosecond excitation of quantum-size CdS-and Zno,&dO.&mi-crocrystallites in alcoholic and aqueous colloidal solution, respectively. Both photochemical product formation (trapping) and electron ejection occurred within a time below our temporal resolution. The electron yield as a function of pump fluence was modelled in a simple kinetic scheme which involves the "exciton" lifetime prior to trapping, and a maximum number of electrons which can be emitted per particle. From the model calculations, "exciton" lifetimes (trapping times) in the order of lo-30 fs were obtained. The calculated maximum number of ejectable electrons from such a particle is in good qualitative agreement with thermodynamics. Our results suggest that the primary photophysical processes in such small quantum-dots differ considerably from the primary events in larger crystallites (in which R is several times the excitonic radius) [9, 16] .
Further experimental and theoretical work, however, is needed to clarify the primary photophysical and photochemical events in such semiconductor quantum-dots, In particular, measurements are required in quantum-dots of different size, as well as with specific surface preparation, in order to elucidate the influence of the surface on the trapping and electron ejection. Also, a higher temporal resolution is needed to gain further evidence for the suggested model.
